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SURVEY OF THERMONUCLEAR-REACTOR PARAME TERS
by

P. J. Persiani, W. C. Lipinski, and A. J. Hatch

ABSTRACT

This preliminary survey makes available for ready
reference some of the important thermonuclear-reactor
parameters generated by the variety of concept studies re-
ported in the open literature. Many of the more than 25 stud-
ies are essentially partial design concepts, emphasizing
specific problem areas involved indeveloping a fusion power
reactor. The term "design" in this report will be applied to
all the sets of parameters cited, even though in many cases
only a few self-consistent parameters are used to illustrate
a limited aspect of the overall design problem. The com-
posite tabulation of these parameters does allow a measure
of convenience in scoping the overall effort that has been
applied to the general area of feasibility and development of
fusion reactors (as distinguished from plasma problems).

The parameters are presented in such a way as to
compare the reactor types and to identify major subsystems
that have as yet received only minimal attention. Although
a comparison of certainselected parametersis indeed an ob-
jective of this compilation, an evaluation of each of the sys-
tems and/or subsystems is beyond the scope of this report.

It is also intended that the compilation will serve as
background material for a subsequent phase of developing a
coordinated overall reactor systems-design study. In this
manner, an overall systems study would bring into better
perspective the many conflicting design constraints and in-
terface problems.

I. INTRODUCTION

Engineering design studies in programmatic planning for the timely
development of large complex systems, such as a fusion-reactor plant, are
necessary in order to identify and evaluate major problem areas, various
technical approaches, and potential methods of solution, and to establish
relative priorities in research and development. Asanaid in the development
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The parameters are presented in such a way as to compare tl"le 3
reactor types and to identify major subsystems that hane as yet receive
only minimal attention. Although a comparison of certain selef:ted pa-
rameters is indeed an objective of this compilation, an evaluation of the
systems and/or subsystems is beyond the scope of this report.

It is also intended that the compilation will serve as background
material for a subsequent phase of developing a coordinated overall reactor
systems-design study. In this manner, an overall systems study would
bring into better perspective the many conflicting design constraints and

interface problems.

II. FORMAT AND TABLE STRUCTURE

The basis used for the selection of material to be included in the
tabulation is that the design study be published in open literature and that
the partial or subsystem concepts relate to a specific type of fusion reactor.

An attempt is made to present the information for all types of sys-
tems in as uniform a manner as is possible. The table is structured into
10 sections which essentially cover the major subsystems of a complete
system design. The sections listed are:

Power 7. Primary coolant system

8. Direct-conversion system
Reactor dimensions 9. Fueling system
Plasma parameters 10. Fuel recovery and by-product
Magnet system removal system
Blanket system

Energy conversion

U W N

With some modifications, the above sections were found to be con-
sistent in categorizing the basically different fusion-reactor types:. The



first three sections contain the general descriptive information on the main
features of a power-reactor system. The next two sections list the more
specific parameters describing the plasma operating conditions and the
magnet system needed to attain these conditions. The sections on the
Blanket, Primary Coolant, and Direct-conversion Systems list the param-
eters relating to the power-conversion techniques. The Blanket and
Primary Coolant Systems are part of the thermal power-conversion sys-
tem; the Direct- conversion System includes direct electrical power gen-
eration from escaping charged particles and/or from charged particle
motion against magnetic fields. The Fueling System section includes
parameters relating to the injection subsystem as well as the fuel-cycle
balance. The final section, the Fuel Recovery and By-Product Removal
System, lists data pertinent to the vacuum-systems throughput and to fuel
production.

The compilation is presented in two tables. Table I lists the
specifications relating to the closed systems: stellarators, tokamaks,
toroidal machines, and 6-pinch. The stellarators and tokamaks are low-f
machines (B < 10%) and are listed next to each other in the left-hand section
of the table. The generally medium-p (10% < B < 90%) toroidal machines
are combined, and the high-g (B > 90%) 6-pinch machine completes the table
of closed-system reactors.

Table II lists the parameters associated with the open-ended sys-
tems: mirrors, astrons, 8-pinch, continuous-flow pinch, and long-cusp
machines. In a similar grouping as in Table I, the generally low-f mirror
and astron machines are listed on the left-hand section of the table, with
the high-B machines completing Table II. *

III. POWER-BALANCE PARAMETERS

In establishing the compilation for comparison studies, we found
that the two important power-balance parameters, (1) Q (ratio of output to
input power), and (2) e (fractional circulating power), were defined differ-
ently in several studies, even within a class of reactor systems.! Referring
to the power-flow diagram (Fig. 1), the definition adopted for this survey
is that the Q factor of a fusion power reactor, independent of subsystems,
be defined as the ratio of the total reactor power output P, (across inter-
face B) to the total power input P; (across interface A),

PO Pf ot e
go— _P_l, (1)
i i
where Py is the fusion power generated in the power-source subsystem,

and P; is the power input to the power-source subsystem.
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ot g . efficiency Tj and the cir-

is the product of the overall plasma-prepar.ation ' il
culating power P into the plasma-preparation subsy-stem. The circulating
power is the difference between Pg, the gross electrical power output from
the power-conversion subsystem (across interface C), and Pg, the net elec-

trical power output for distribution,
= 2
Ielagiaaie s ai (2)
The fractional circulating power € is defined as

Rt (3)
TE

The definitions of Q and ¢ as suggested above and in Ref. 1 are
most general and are applicable to complex systems involving a combination
of thermal and direct power-conversion techniques. On this basis, the
Q values and € can provide a measure of performance for the comparison
of fundamentally different approaches to a fusion-power-reactor system
(closed, open-ended, or fusion by laser ignition). Since not all studies made
available the assumed injection efficiency 1, the compilation was made for
a slightly altered but related quantity Q' = T]iQ.

IV. REACTOR PARAMETERS FOR CLOSED SYSTEMS: TABLE I

A. Stellarators

1. The first preliminary design of a practical fusion reactor was
carried out in 1954 by Spitzer et al.? Of all the papers reviewed for the
current survey, this early effort was found to be the most complete design
study of a fusion reactor.



The primary purposes of the study by Spitzer et al. were to
explore problems associated with full-scale power systems and to identify
those areas requiring further research and development. Their preliminary
design approach was based on two assumptions: (a) Confinement of charged
particles would be accomplished by magnetic fields, and (b) a fuel mixture
of 50% deuterium and 50% tritium would be most practical because of the
high D-T reaction cross-section values.

Spitzer et al. considered three net power-producing operating
conditions with maximum values of the confining magnetic field strength,
B, equal to 50, 75, and 100 kG. The lower limit was based on the consider-
ation that magnetic fields less than 50 kG would yield an unfavorable power
balance, the Q' of the 50-kG system being approximately 6. The upper limit
of 100 kG, which yielded a Q' value of 23, was based on the consideration
that larger fields would involve severe problems of structural strength and
heat transfer. In the present survey we cite their intermediate case of the
75-kG system.

The thoroughness of this design is evident from the fact that
design figures are obtained for nearly every category included in the table.
No other design approaches it in this respect.

2. Gibson® presents permissible parameters for economic closed-
system tokamak and stellarator reactors. Theoretical estimates are given
for the maximum beta for which toroidal equilibria can exist. The restric-
tions on the parameters of a net-power-producing reactor are examined by
considering the actual average ratio of plasma to magnetic pressure
achieved in a reactor system as a departure from the maximum theoretical
equilibrium estimates. Parametric curves are presented for tokamaks and
stellarators showing total reactor power and aspect ratio as a function of a
normalized B for several field strengths. Gibson summarizes the important
parameters for selected total power ratings for two tokamaks and three
stellarators. The medium-power-rating case, 3200 MWe for the stellarator
system is presented in column 2, Table I. The higher-power system,

15,000 MWe, uses a maximum field strength of 200 kG and the same average

B = 0.03 as given for the medium-power case. The low-power case,
1900 MWe, relates to a maximum field at the windings of 100 kG and to an
average B = 0.10. The corresponding calculated power fluxes at the wall

are 13 and 8 MW/m2 for the high- and low-power systems, respectively.
B. Tokamaks

1. Golovin et a._l.4 investigate some of the necessary parameters
for a net power-proﬁcing fusion reactor of the tokamak type. The mode
of operation is pulsing the magnetic field to an amplitude of 50 kG in order
to maintain a plasma current over a 100-sec pulse. The investigators con-
fine their study to the plasma-related design criteria, adopting a maximum



TABLE I REACTOR PARAMETERS FOR CLOSED SYSTEMS

0t

Stellarators Tokamaks Toroldal Machines 8-Pinch
56 ) 11,12
Spltzar Gibson® Gofowin Carnihers o ol Butt® Gibson® Mills® Fisterth _ Bunt® ey e rol o 7 B"E':‘f'n's
of al. ot ot a-Heating | Injection | Simple Model Schneider'© |Simple Model | pegigtive® | Supercond® | B8 Ellis
POWER
Reactor Output Power P 17300 5000 5000 5000 6000 5910 5000° 6000 2750 Pk. 7500 Pk. 3380
Gross Electrical Power Pg 6000 3200 2300° 23000 1650 2010 70 3220 1350
Net Electrical Power Pe 4680 070 2070 1950 2318 803 2850
Station Efficiency s = R 0.270° 0.42 042 033 0468 0.292 0380
Fractional Circulating Power €= (Pg-R)/Py 0.22° ~0.10° ~0.10 003 <010 0313 0l
.. Reactor Output Power , o a a
Q'* Circulafing Power Q'= P/(Pg-P,) 13° 25 25° 98 75 20
Fusion Pulse Power Pp MWt 3350 9100 67,600°
Pulse Width tw sec 10 10 0.050
Pulse Period 1 sec " 0 |
ENERGY CONVERSION
;:,siun r;mmn O(T, n) *He | D(T,n) *He | D(T, m) *He | D(T,n) *He | O(T, n) “He | D(T,m) *He | (T, n) *He | DIT,n) “He DT, n) *He O(T, n) *He
i S
oor P AHeatyy Mwe Ohmic Ohmic Ohmic Ohmic Ohmic Ohmic Shock B
; ; Compression
Auxiliary Plasma Heatin
input Fowee i) Mwe X X X
Alpha Heating Power Mwt X X X X X
Thermal Conversion
Blanket Output Power © Wb X X X X X x X X x
Charged Particle
Direct Conversion Power L]
Plasma - Magnet Field
Direct Conversion Power M,
Power Conversion System Type B0k Steam Steom ey
furbine
REACTOR DIMENSIONS
Torus Major Radius R m 727 7 5.2 55 55 5.25 70 12.70 683 350 65 10 57
Vocuum Wall Radius W m 066d 1.86 175 175 175 1.29 20 175 10 175 0.2
Blanket Outer Rodius T m 128 3.06 3009 3009 300 24 37 30 18 30
Magnet Coil Outer Radius m m 214 4.75 385 350 3.50 345 26 39 2l 3.5
Axial Length® m 165f
Overall Dimensions® wihil; m 335,3.35; 100
PLASMA PARAMETERS
| Composition (Initial)" D-T D-T D-T D-T D-T D-T D-T D-T D-T D-T D-T D-T D-T
lon Density (Initial) n om3 1.95(10'%) 3(10'4) 2.8(10'4) 4(10'%) 4(1014) 4.9(10'Y 4(10'4) 44(10') 35(10' 14010'%)
Particle Confinement Time T sec 0331 07 06 35 15 | 10 10 0 0.050
Confinement Time/Bohm Time a T/Tg 120 370 120 470 90 240 | 270 1000 1000
Lawson Number nT cm3sec | 6.46(10')° 21(0° | 1.7(0') 14(10'5) 6(10'%) 4.9(104° 4(10'° 5(10'%)
| lon Temperature i keV. 10 20 15 20 3 20 20 0 20 20 20 109
| Electron Temperature T KeV 10 20 15 20 13 20 20 135 20 14.0
| Stability Margin q | 1.35 13 23 0.20
Plasma Pressure /Magnetic Pressure y
Total B 0.24-075 03 0.3' 0.075 >0.043 0.02 0.045 0.12 0.375 04 04 ~1.0
Poloidal By 3 033 033 '
Toroidal By
Plasma Current 1 MA 0.182 87 28 28 14 25 \
Effective Resistance R ol 207 21 32
Poloidal Magnetic Field Bp kG 114 56 50
Mojor Radlus R m 7 52 550 550 5.25° 70 2.7 6.83 350 6.5 100 57
Minor Radius a m 175 15 1.25 1.25 1.50 1.75 1.0° 1.0 0.60 10 0.083
Aspect Ratio A=R/a 4 35 44 44 35 4 12.79 35 1" 10 ~700
Volume Vp liter 1.92(10%) 42(109° | 223(10%) 170(103) 170(103) 223(10%)° | 425(10%) 2.5(10%) 6.9(10%° | 464(103) 198(103) 7800
Fikion Pan Bensity Py KW/ liter 886 224 29.4 294 270 18.60 870 59.2 379 433°




TABLE I REACTOR PARAMETERS FOR CLOSED SYSTEMS (Contd)

Stellarators Tokamaks Toroldal_Machines 6-Pinch
Spitzer Gibson® | Golovin Carruthers et ol © Bunt® Gibson® Mils® Forster 8 Butt® Jomes, Newton, Bodin'2 Burnatt,
o al? oot a-Heating | Injection | Simple Model Schneider'® | Simple Model [ pegistive® ] Supercond® | 8 Ellis
GNET SYSTEM
Plasma_Confining Magnet Field Coil
Class (Material; Oper. Temp, °C) Cu;80°C P p p Supercond. Supercond. Supercond. Cu ;250° C Supercond. [Cul Supercond
Toroidal Axial Field (r=0) 8o kG 100 40 175 70 65 60 no
Maximum Toroidol Field Bm kG 200 100 100 100 110
Confining Magnetic Field Be kG
Field in Curved Section ot Wall kG L&
Field in Straight Section at Wall kG 424
Rise Time of Mognetic Field tr sec 00Ito 0. 0.01100.1 0.5 0.5
Inside Radius T m 128 3.06 3.00 300 30 24 33 30 1.8 30
Outside Rodius o m 214 475 3.85 350 3.50 345 26 38 22 35
| Total Magnetic Power Required  Pm MW 1300
Ohmic g Transformer
Primary
Type of Core IRON IRON AR
Core Area H] [ENEE]
Magnetizing Current Im MA 0 0 250
Magnetizing Inductance Lm pH © i mi l5|i
Leakage Inductance Le pH 2.34 356/ 356
Inductive Flux Q Webers 199 444 444
Resistive Flux Qg Webers 27. 54 . 54
Pulsed Power Supply Cont. Rating MW 200" | 7200" 12800
Secondory (Plasma)
Plosma Current | MA 0182’ 8.7 28 28 7 25 %
Effective Resistance Ri »Q 207 i 32T 32
Classical Resistance Re nQ 19 AT ]
Inductance Lp pH 21 nr 178 178
Poloidal Field Bp G 114" 56 80 F50
BLANKET SYSTEM »
Vacuum Wall Loading” Pw MW/m? 278 13 13 13 13 16.50% 7.00 6.18 10 25° 13 (Peak) 13 (Peak) 6.09
Divertor Wall Loading Pq MW/m? 0585°
Energy Deposition MW/m? 2.50 2.50
Materials'
Vocuum Wall Mo" Mo" Mo Nb or TZM
Coolant Ha0; Li LipBeFg LipBeFy LipBeFy Helium Li
Primary Blonket Ho0, Li, SS Inor 8, LiH | lInor 8, LiH Li, Graphite, H,0, B
Moderator - Reflector - Attenuator Hz0, Li, SS Ha0, Pb, B | Hp0, Pb, B Li, Graphite, Hp0, B
Gomma Shield Pb Pb
Power Density:
Vacuum Wall Pu KW/ liter 138 ~143 ~143
Coolant Pe KW/ liter 10.4 10.4
Primary Blanket Pp kW/ liter 300° 0.13(mox 39) {0.13 (mox 39)
Moderator - Reflector -Attenuator Pm kW/liter 0.078 0.078
Gomma  Shield Pq KW/ liter 0.0036 0.0036
Temperatures:
Vacuum Wall Tw °c Hz0; Li 1000 1000 1000
Coolant e U 350(H,0); 1000(Li) 774 -834 | 774-834
Primary Blonket Tq Lo 834-894 | 834-894
Moderator - Reflector -Atfenuator Ty °c 324 324
Gomma  Shield Ty o 324 324
Total Blanket Thickness m 152 1.25 1.25
Total Shield Thickness m

I
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TABLE I REACTOR PARAMETERS FOR CLOSED SYSTEMS (Contd) ~

Stellarators Tokamaks Toroidol Machines 8-Pinch
in!h12
Spitzer 3 Golovin Carruthers et a Butt® 3 9 Forster & Butt® James, Newton, Bodin Burnett
2 Gibson 4 Simpl Gibson Mills T < b b a Elis'®
et al. ¢t ol a-Heating | Injection imple Model Schneider Simple Model | pgictive® | Supercond
PRIMARY COOLANT SYSTEM I
—TIMARY COOLANT SYSTEM
Coolant Ha0 Li LipBeFy Helium
Total Flow Rate Q kg/sec 9.3(10'%) 7100%) 2209 kg/sec
Reactor Flow Rate Qr kg/sec
Bypass Flow Rafe Qp kg/sec
Total Pressure Drop Apy, psi
Hydraulic Apy psi
Electromagnetic Dpgy  psi
Pumping Power Pp MW
Hydraulic Ph MW 110
Electromagnetic Pem MW
Temperatures
Blanket Inlet Toi &G 774 774 518
Outlet Tho G 894 894 950
Heat Exchanger Inlet Tyi °c
Outlet Tho)  °C
Turbine Outlet To °C 553
Compressor Inlet Tei °c 32
Compressor Outlet Teo “c 93
Pressure
Reactor Outlet Bar %0
DIRECT - CONVERSION SYSTEM i T i et e e |
e ———— e L 118 el S G
FUELING SYSTEM
Mode of Injection Heated Plasma Gas Flow
Injector Beam Energy |
Injector Beam Current Ip A
Injector Beom Power fo Plasma Py MW -
Injector Input Power Py MW 147
Fuel Input D2 kg/day 8l 123 <43
T2 kg/day 122 185 <6.5
Fuel Consumption D2 kg/day 14 043 043 094
T, kg/day 2.1 0.65 0.65 141
(Nat. Li)SLi kg/day (0.15)1.35 282
Fractional Burnup 00176 0.035 >0.10 0027 0.032
IEL_RECOVERY & BY-PRODUCT REMOVAL SYSTEM
Helium Production kg/day 3.7
Tritium Production kg/day
Vacuum Throughput moles /sec 0.465 0.2
Pumping Speed liters/sec | 7.95(106) 068(10°)
Pressure in Divertors mTorr | 5
Number of Diffusion Pumps 265
Booster Pumps 265
Mechanical Pumps 100
S |
FOOTNOTES
2Calculated by us. PConpos tions: 50t 0, 50% T (or as indicated). Pvacuun a1 loading P, defined as Pe/vacuun-tube surface area.
Bparameters 1isted for Cycle No. 2 with no reheat. L oA TEUTH bad 38 e 1 M nE Ot rRtToiA = A 5 Actual heat Toad on divertor wall from bremsstrahlung radiation and
charged particle impact.
“Includes neutronic radiation, charged particles, and magnetic field Tcatculated, using Lo/t = 0.2 . 7 n
Blanket design of Homeyer’ and Impink.

dissipation. i
Obtained from Fig. 5 of Ref. 12.

acuum wall radius of straight section, T “Near blanket inner radius where power density peaks, total heat

¥Obtained from Fig. 5 of Ref. 12. generation in coolant (water) flowing through pipe
“Dimensions pertain to stellarators and nontorus systems.
Tohmic heating of vhsma to ‘\)7‘ °K, with magnetic pumping to final anecHnn systems were proposed, -v:n recommendation that experiments

fTotal axfal length, f.e., straight section and curved sections. temperature, 108 oKk (Re Performed to study these syctem

8ased on Homeyer's blanket desian.’ Required effective plasma resistance during plasma-current rise time. “a-s-a on 7% efficiancy of thermal power at 425 station efficiency. g2

—_——

ealculated from a < 8/An,.
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wall loading of Py, = 13 MW/mz from the engineering review papers of
Carruthers et 9_1.5’6 The results for a 5000-MWt reactor are presented in
Table I. This very large size is considered by Golovin et al. to be the
smallest economically feasible size for tokamak systems.

Golovin et al. also include parameters for two intermediate
experimental units, which they consider as necessary steps before the
industrial-scale 5000- MWt unit can be completely designed. These are
not included in the present survey. The first of these facilities is a small
50-MWt laboratory unit with a wall thermal loading of 1.3 MW/mZ. ks
unit does not include a blanket, and magnetic fields are generated with un-
cooled copper coils next to the vacuum wall. The maximum toroidal
magnetic field of 60 kG is anticipated for this design.

The intermediate or "final" laboratory unit suggested has a
power rating of 1500 MWt, and a vacuum wall thermal loading of 13 MW/mZ
as assumed for the industrial unit. A superconducting coil system generating
a maximum field of 100 kG replaces the copper coils. The facility is
designed without a tritium breeding blanket and without shielding of the coil
system from neutron and gamma radiation.

2. Carruthers e_tg._];.‘r”(’ have surveyed the major systems of plasma
confinement and examined the engineering problems and costs of a power-
generating fusion reactor. The model chosen for the analysis is a steady-
state toroidal geometry system containing a plasma of 50% deuterium and
50% tritium. The design parameters are listed in Table I for two different
plasma heating techniques: charged-particle heating and injection of heated
plasma. The two systems are tabulated under the tokamak-type reactors
because of the low B's, 0.075 and 0.43, usually associated with tokamaks.
The table lists an assumed gross electrical output efficiency of 0.46 for the
injection-heated reactor. It is not clear whether the 7% circulating power
for injection heating used in the study includes the efficiency of thermal
conversion.

Their study compares the plasma parameters for a charged-
particle-heated D-D reactor with the D-T system. The D-D reactor uses
a sodium-blanket system.

3. Butt® presents the results of feasibility studies of pulsed
toroidal reactors. The technological problems associated with these sys-
tems is not discussed, but the plasma parameters required for the different
variants of the pulsed reactors are explored using currently accepted tech-
nical parameters. Butt points out that although the margins of stability, q,
for tokamak and zeta-type reactors differ widely, the experiments in
tokamak T-3 and zeta have given indications of good confinement. There-
fore, the object of the study was to assess the feasibility of each type by
using model plasma configurations that approximate as closely as possible
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S ke ters
the available experimental results. The prehml’narYJlea;tf‘Z; F;azj:al:nak
from the simple-model approach are presented in Ta et the plasma pres-
reactor. The simple-model approximation assumes tha = p; L
sure and current density are constant out o the plasma radit e
than the radius of the vacuum wall. The parameters for a zeta-typ

are listed under Toroidal Machines.

or tokamak-reactor parameters

i ity . omparison shows
using other distributions for pressure and density. The comp ; -
= 1.3, the more complex the model, the less feasible

that for a given q = . . .
becomes the tokamak as a reactor, because of the required h.1gh axial
Butt's study includes a comparison of the simple model

a-type reactor.

A comparison is also made f

magnetic fields.

and experimental results for the zet:
4. The two representative tokamak systems selected by Gibson

et al.? are units having a total power output of 4200 and 1650 MWe. The

;;;meters associated with the 1650 MWe system are included in Table I.

Significant parameters for this unit are: B = 0.045, B = 119 kG, and

P 1. MW/mz. By way of comparison, the 4200-MWe unit involves an

w
average B = 0.005, B = 430 kG, and Py, = 22 MW/mZ.

C. Toroidal Machines

1. Mills? considers the major features of a thermonuclear reactor:
the plasma, vacuum field, diverter, vacuum wall, coolant, blanket, and coils.
Plasma conditions and processes are discussed in some detail. The other
design areas of importance listed above have their associated problems
outlined, but are not covered in the same detail as the plasma. The
economics are covered in sufficient depth to allow a broad cost estimate
of a certain model with a tabular presentation of capital costs. Power
costs of the fusion power plant are compared with the Oyster Creek coal
and nuclear plants.

2. Forster and Schneider!? emphasized the engineering and eco-
nomic aspects of a toroidal fusion-reactor power plant, with special em-
phasis on the energy-conversion system. Plasma characteristics are
almost totally ignored. Helium is chosen as the reactor coolant, and a
closed-cycle gas turbine is used for the heat sink. The torus is designed
to have eight removable segments, and consideration is given to two torus
configurations. Calculations for the reactor heat exchanger and cycle
components are performed for several thermodynamic and design param-
eters to evaluate optimum plant-layout requirements. Two cycles, with
and without reheat, are considered. The cycle without reheat is studied for
three cases of reactor pressure drop. *The design of the torus with respect
to construction (removable segments), materials, and heat-removal require-
ments is presented. Numerical information is presented on the choice of
cycle and reactor cooling-tube diameter. For the plant considered, rough
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cost estimates are made. Table I lists only the parameters for the case
of intermediate reactor pressure drop without reheat.

3. In a comparison study, Bodin et al.!! investigate a reactor design
based on a high-p toroidal pinch in which the plasma is confined by com-
bining axial and azimuthal magnetic fields. The azimuthal magnetic field is
produced by a current flowing in the plasma around the major axis of the
torus. Because the axial current must be induced by transformer action,
the system 1s necessarily pulsed. Two possible pulsed operating modes
are examined. One is the purely pulsed system without refueling during
the pulse, where the pulse length approximates the burnup time (less than
10 sec). The other mode is the quasi-steady system with refueling during
the pulse, whose duration can be many tens of seconds or more. The
plasma parameters and dimensions developed in their study are based on a
wall thermal loading, blanket thickness, and Lawson curves cited by
Carruthers e_ta_l.5 Bodin et al. also discuss the technological problems of
the proposed operating cycle, temperature control, choice of wall material,
and magnetic penetration of the blanket and vacuum wall.

In a concurrent study,!? the above authors examine some design
problems related to the field system and power-supply requirements of
pulsed, closed-system fusion reactors. Large axial plasma currents must
be induced in these systems in order to provide plasma heating and a portion
of the confining magnetic field. The authors consider both superconducting
and resistive windings and conclude that both systems appear to be feasible.
Table I includes the preliminary design parameters for both of - these systems.

D. Toroidal 8-pinch (Scyllac) °

1. The toroidal-separated shock 8-pinch reactor design by
Burnett and Ellis’® accomplishes plasma heating in two stages using two
energy-storage systems. In the first stage, the plasma ions are shock-
heated to several keV; in the second stage, the plasma is raised to its final
temperature by adiabatic compression. The shock-heating coil is driven
by high-voltage circuits whose energy content is only a few percent of that
of the total system. The multiturn copper compression coil operates near
room temperature, and Burnett and Ellis estimate that the joule losses can
be made up by direct energy conversion from the expansion of the high-§
plasma against the magnetic field during the burning pulse. Magnetic energy
is switched reversibly into the compression coil from a cryogenic magnetic
store situated outside the reactor core. Burnett and Ellis propose that fueling
and flushing of the plasma between burning pulses be accomplished by flow-
ing D-T gas through the discharge chamber.
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: TABLE II
V. REACTOR PARAME TERS FOR OPEN-ENDED SYSTEMS

A Mirror Machines

1. Post's early pioneering work!® is based on therrpal _c:sn-v;rm:-n
only Operating conditions are determined by sf‘,a.'ble zones 11n ihe "512)‘5"
rameter space bounded by a set of critical conditions, namely g
Alfvén instability, the transverse instability, and tbreshold power-lo
conditions for the mirror magnet-coil system. This study is omitted here.

Post's more recent work!? includes three different fuel cycles
with energy-conversion systems (direct and thermal) approprlate to each.
The study includes the novel concept of circulating the dlrec_tly converted
energy of the escaping particles with high efficiency. The first fuel cycle
is an optimized 60-40 D- T cycle, which has a blanket breeding ratio of :
0.86 and which exploits neutron-multiplying reactions and ez.lergy-multlply{ng
neutron-capture reactions in a Be-Na-°Li-Nb blanket to achieve a §ubstant1a1
net power output. The second is a D-D cycle with 12% tritium reinjected
from the D-D reaction and nonbreeding energy-multiplying, neutron-capture
reactions in the Be-Na-Nb blanket. The third is an 80-20 D-*He cycle with
reinjected “He, direct conversion, and thermal conversion in a nonbreeding

blanket

2. The mirror-reactor design studies described by Werner et al, it
use the concept of direct conversion of charged-particle energy into elec-
trical power. The systems considered include Yin- Yang and axially sym-
metric coil configurations, with D-T and D-*He fuel cycles. Direct
conversion is proposed to optimize the power balance in mirror systems
and to gain overall high plant efficiencies. Parametric curves are developed
for an economic comparison for a variety of operating power levels, fuel
cycles, and magnet systems. Werner et al. find that the D-T system with
direct conversion has an economic advantage over the D-°He system.
However, the overall system efficiencies for D-°He fueled reactors are
potentially much greater than the efficiencies of reactors designed for
D-T fuel cycles.

Detailed engineering and economic parameters are developed
for the D-"He system, and these are listed in Table II. The magnet-system
parameters are obtained from the study of Moir and Taylor.!?

3. The Fraas® design is strongly engineering-oriented and is
based on plasma parameters from Rose.?! This design exploits the high-
temperature capability of fusion reactors by using a potassium-steam
blnérv vapor cycle with an inlet temperature of 1000°C to the potassium
turbine . Refrigeration power requirements for the superconducting magnet
system are taken from a recent estimate by Fraas.?? Much consideration
1s given to hazards and the broader aspects of energy requirements of the



TABLE II REACTOR PARAMETERS FOR OPEN-ENDED SYSTEMS

Mirrors

Continuous

Astron 8-Pinch | £loy Pinch Long Cusp
Post'® e ot 1 FraosB8 Lt Cordey et 01%® Corruthers?T|  Werner2® christotitod®] ™5 | Beit ot 03| Newton® | spalding®*
Molr 8 Taylor |~ Rose?' it ot o’

IMER d o 9
Reactor Output Power P MW 5047 5000 2635° 2964° 9470° 1430° 10000 <960 11200 12000 61800 10000 75000
Gross Electrical Power Py MWe 4704 2800 1813° 1960 8460 5707 5000 200 6950° 6000 26400° | ~4000 25000
Net Electrical Power Pe MWe 1000 730° 1000 1000 355 5600 5000‘I |53°2
Station Efficiency Tg= Py/P 0.20 ozs: 034 o.n‘; 0.25: 0.50 0.08¢ o022%
Fractional Circulating Power €= (PPy)/Pg 0.62 072 0.70 0.79 0.60f 050 0588’ 038 .19 0.81 035

Reactor Output_Power
9" ~Cireuhiing Power o 24 1.9 1.7 137 243° 308° 1.27° 667° 83 2.89° 2 86
Fusion Pulse Power Pp MWt 666(10%) 1200(10%)
| Pulse Width tw sec 0.025 Gal
Pulse Period tp sec 0.44 1.8
:
| NERGY CONVERSION
Fusion Reaction Type (T, He [D(D,m He [0BHe,p)*He [DBHe,p*He | D(T,n1%He | D(T.n)%He | D(T,n)%e [D(3He,p)*He| D(T,n)%He | D(T,n)%He | D(Tn)%He| DIT,n)*He | DT, He | D(T,1)%He| D(T.n)%He | D(T,n)*He
Plasma Formation & Heating Input Power MWe 3505 975° 873 6700 215 1000 21,300°
Auxiliary Plasma Heating MWe o 0
Alpha Particle Heating Power MW1 0 1500
Thermal Conversion Output Power®  MWe X X X 188" 2800 697° 880 70 570° 5000 5600 23,600°
Charged Particle Direct Conversion Power MWe 5 e X e 1080 8390 1350
Plasma = Magnetic Field Interaction Power MWe L e | ek 2800
Power Conversion System Type Steam X Sﬂenm’ﬂ Steam’ Steam i« $'!um. Steam
REACTOR DIMENSIONS
Vacuum Wall Length 2y m 20 10 225 493 ~I0 25 7 1na 376 100 ~2900
Vacuum Wall Radius rw m @ 25-50 2 396 87 175 228 i 28° 0.20 ) 06
Blanket Length 4 m No Blanket ~25 25 132 ~376 ~2900
Blanket Outside Radius L m 24 39 7.1 ~30¢ 4.2 55 163 ~1.75
Magnetic Coil Length I ~20¢ 227 ~376 ~2900
Magnetic Coil Outside Radius  rm m 74 350 ~65 023 ~25d
PLASMA PARAMETERS
Composition ( Initial)® 0.60-0.4T|0.88D-0.12T[0.8D-0.2%He"|  D-3He - D-T - 0.8D-0.23He D-T D-T o-T DT D-T b D-T, D-T
lon Density ( Initial) n cm3 1.23(10) | 12500'%) | 2.10104) | 1.4 (10'%) 1014 |38(10'4)° <105 25(10'%) 2.1(10'5) 1015 24(10'6) 107" ~1016
Particle Confinement Time T sec o3 058 0.072 0.025 0.001 0.096
Confinement Time / Bohm Time @ 134 N ~90 130
Lawson Number nT,cm 3sec 27(10%) 2.1(10') 1.5(10") 6100 [ (10" 110"
fon Temperature T kev 300 400 400 480 15 150 100 500 15 60 ~100 20 20 10 10 12
Electron Temperature Te  kev 50 50 50 15 20 20 20 10
B (Plasma Pressure/
Magnetic Pressure ) B 08 038 03-04 083 078 0.04 064 035 1 1
Length i i 20 10 225 49.3 25 7 25 50 376 100 2900
Radius a 1 2.9° ~48 1.419 28 6.16 1.25 1.15 0.8 1.24 1.75 0.0l 0.0l 0.01
Volume Vp liter 980,000° | 62,800° 100,000° 14,100° 12,000° 11,800 3140 90,000
Fusion Power Density Py MW/ liter 0.005° 0.27 0.16 0.00(7 ol 0.0425° 0.625° 3.42 318 0.83°
MAGNET SYSTEM
Closs (Material, Operating Temperature °K) Supercond Stntttond
Central Axial Field Bo kG 15° 70 52 100 60 21-35° 100 70 141 300 100
Mirror Field Bm kG 50 140% 200 160 180 105 84 600
Mirror Ratio 33 33 33 24 5 6.6° 38° 3-5 12 6
e R ¢ 2 ! =39 12 9 -8
t:;‘g:rauo'AS:;Lbly % Wt CA 25 227 ~2900

Coll Power Dissipation Pe Mw o.os'

Refrigeration Power Pr MW ~1.0%P
Total Magnet Power Pn MW

LT



TABLE II REACTOR PARAMETERS FOR OPEN-ENDED SYSTEMS (Contd.)

81

Continous
Mirrors Astron 8-Pinch | ot Binen | Long Cusp
e Werner of ol'® Froas?® 25 2 27 2 Golovin Werner 32 33 34
1l C ot al Carruthers’ Werner Chistotilos’ pd Ball ot o’ Newton’ Spalding
Post Mol 8 Ty Rose® Swestman ordey et ol arruf o Py
BLANKET SYSTEM m
Vocwm Wall Loading Pw MW/m? NO BLANKET 0 3 3 0 1) 68° 0.3 0055
Materlals:
Vocuum Wl Niobium Niobium Niobium, S5 " N r, Cu Mol ybdenum
Coolant N, Li No Lithium 95Li, 05 Nb Li Li He, Li LigBeFy
Primary Blanket No,Nb, Be, B (Na,Nb, Be, B Lithium 95Li, 05 Nb Ui, N LN | L, TZM, 20 LipBeFy,
Moderator - Reflector - Attenuator No,Nb,Be, B [No,Nb, Be, B Boo,,,..". 95L1, 05 Nb Li, No, Be, Nb | Li,No, Be,Nb LipBaF,
Gomma  Shield roted H,0, Pb H0 , Pb 0, Pb
Power Density Hz0, Lead 2 © i
Vocuum Wall Pu KW/ liter 30000 082°
Coolant p‘ KW/ liter ~0 19d
Primary Blanket KW/liter ~0.23¢
Moder ator - Reflector - Attenvator p.‘ KW/ liter ~0.14
Gamma Shield Py KW/liter ~0016%
Temperature
Vacuum  Wall Te. .G 1050 s AT Sh4n
7‘ - 1930 ~875 ~360 ~500- 600
Primary Blanket < ~875
Moderator - Reflector -Attenuator T,.. ‘c 875 ~800
Gomma: Shisld L =
Total Blanket Thickness m 1 1 102 12 10 1.40 "s
Total Shield Thickness m 97 10
Breeding Ratio 086 0 o =3
PRIMARY COOLANT SYSTEM
Coolant Lithium Lithi 2 v
Flow Rate Q Kg/sec el Ll'l""""" Helium LigBe Fy
Pressure Drop APy psi % o o3
Pumping Power Pp MW 125 % it
Temperatures
Blanke!  Iniet 1000 725 ~7258 .
Blanket Outlet - 1050 875 ~g250 ~800
Heat Exchanger Inlet 725
Heat Exchanger Outlet 825
DIRECT— CONVERSION SYSTEM
Type Chqd Particles |ChodParticles ChgdParticles [ChodParticles None Chagd Porticles None None [ChadParticles [ChgdParticles None Magnetic Field None Nore
Expander Rodius re m 100 66 50-100 Interaction
Expander Haight he m 1
Collector Outer Radius Co' m ~150
Collector Height m °.: o
Expander - Collector Magnetic Field a. G [
Efficiency 7 03 09 09 096 09 0.9 0.9 090
Output Power Py MW 4218 2 1080 8390 1350
Output Potential Vo KV ~150¢
| FUELING SYSTEM
b i gl S
Sl Sen gy ) o .:g“ slgg“ $°'7é f:g 36 025(0° »
Injector Beom Current I kA Mo . A
Injector Beam Power fo Plosma Py MWe 1680 975' 873 6700 360 °°°h
Tnjector Input Power [ MWe 1765 1085° 970 7444 1350’ 900
Fuel Input Dz kg/doy
T,*He) kg/day
Fuel Consumption 0 kg/doy
T,He) kg/day
SLi kg/doy
Fractional Burnup
Flow Compression Ratio
Plasma Flow Speed/Thermal Speed
Plasma Current 1 KA
Plasma Potential VD kv
UEL RECOVERY B BY-PRODUCT REMOVAL SYSTEM
Mode
Helium Production: kg/day
Tritium Production: kg/day
Vocuum System Throughput
Vocuum System Pumping Speed Wers/sec




TABLE IT REACTOR PARAMETERS FOR OPEN-ENDED SYSTEMS (Contd.)

FOOTNOTES
carcutated by us. Teutron Flux heat deposition only.
Pcomposition: 50% D, 50% T (or as indicated) JInsulated ducts assumed.
::ndudﬁ neutrons, radiation, charged particles, and magnetic field Kike reinjected (no extemal source).
{ssipation.
7 Tquadrupole magnetic well (Yin-Yang coils).
Inferred by us.
e ™rime average.
‘Blanket {nner wall; vacuum-wall outside blanket. n
' 'Does not include 298 Mée converted from direct-conversfon systen
Inftial (noncompressed) density = 1013 ca3. Tosses.
Iease 3, Table VII, Ref. 31. °For vacuum fields
Mparameters for proton E-layer bean. PSee Ref. 22.

61
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The afterheat power has recently been con-
24 who show that it is about 7% of the
10* times the original

future, including urban siting.
sidered anew by Dudziak? and Steiner, .
rated fusion power of the reactor, approximately
estimate in Ref. 20

4. Sweetman® emphasizes the power handled by the various com-

ystem as a function of their respective eff1<?.1enc1e's
s is the large circulating

ponents of a mirror s
and shows that a major limitation on such system ' s
power required for injection because of fast classl'cal sca.,ttermg into

loss cones. Two principal ways of reducing this circulating power are con-

sidered, namely, high efficiency of the total injection system (including

Himeet tonversion) and mirvoer ratios as large-as ~5. Thellatierfinyvolves

increasing § to ~0.5 without introducing unmanageable in'stabilltle's, mains
taining adiabaticity of the confined particles, keeping radial electric fields
within stability limits in both simple mirror and minimum-B systems, and
staying within economic limitations. The major assumptions for the reactor
design are P ~ 0.4, mirror ratio # 5, and mirror field = 200 kG.

5. Cordey et al.?® study the economics of mirror reactors with
respect to the mirror ratio, mirror magnetic fields, injection energies, and
highly efficient circulating-power systems. The basic system incorporates
Post's!? technique of direct conversion of the escaping charged particles.
The parameter studies include minimum-B and simple mirror systems for
both D-T and D-"He fuel cycles. For the current survey, Table II lists the
power parameters for only two of the mirror systems. Cordey et al. con-
clude that economic factors are affected by the mirror ratio, the value of
Bmax; and the value of Q. The costs are found to be less sensitive to the
maximum mirror field and the assumed maximum wall loading.

6 The Carruthers?’ design appears to have been developed mainly
to establish overall size of an open-ended reactor and illustrate the mag-
nitude of some of the more serious technological problems such as the
establishment of the plasma, the injection of fuel, the extraction of ash and
unburnt fuel, and the effects of interactions between the plasma and the
vacuum wall. The values in the power section of the tables for this design
are based on 10-m length, 1.75-m vacuum-wall radius, 13-MW/m2 wall-
flux loading, 40% thermal efficiency, and 15% fusion power required for
plasma heating, all as given by Carruthers.

7. Werner?® introduces a novel blanket design in which modular
arrays of radially acting heat pipes are placed nearest the plasma, followed
by a modular blanket structure surrounded outside by the vacuum wall.
Consequently, the fluxes of radiant energy and charged particles are
absorbed and the neutron flux is highly attenuated before reaching the
vacuum wall, thereby greatly reducing the operating temperature of the
latter. Thas design allows the wall loading on the inner-heat-pipe surface

Z;:i: blanket to be taken as 30 MW /m?, more than twice that of any other
, n
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8. Golovin's?’ design of a mirror fusion reactor is carried out as
a comparative study with a tokamak reactor. The need for such a compari-
son was motivated by the undesirable aspects of the large minimum size
established earlier by Golovin e_ta._l.4 for tokamaks (outputpower 2 5000 MWt)
and the desirable aspects of a potentially smaller minimum size (output
power = 600 MWt in this case) for mirror reactors using direct conversion.
Meaningful comparability of the two designs is established by using the same
maximum magnetic field (100 kG), the same neutron-moderating blanket
thickness (120 cm), and comparable plasma densities (2.5-3.0 x 10'* cm™)
in both cases. The major differences are in the plasma confinement times
(Tmirror ® 0.1 Ttokamak) @2nd plasma temperatures (Tmirror # 10 Ttokamak)-
Assumptions made for the mirror plasma are that microinstabilities can be
suppressed with feedback stabilization and that static multipole potential-
well stabilization is not necessary. No detailed account of the power-
balance parameters is given.

B. Astron

1. Christofilos®® considers an astron with an E layer maintained
by relativistic protons having 4 GeV energy (3 rest-mass units). Direct
conversion is used to handle the loss-cone energy flux from the ends of the
reactor, and this power (1350 MWe) is used to operate an electron-ring
accelerator which provides the relativistic proton beam.

2 Werneriet _1.31 apply the heat-pipe, first-wall concept to the
astron. From consideration of blanket neutronics and heat pipe thermal
dynamics, their parameters lead to a large first-wall power loading,

68 MW/mZ. (Our calculation is based on their model, p. 459 of Ref. 31.)
However, the thickness of the heat-pipe first wall is only 0.01 cm, and
although this is not the vacuum wall per se, nevertheless it is subject to
the surface-effect damage from plasma radiation common to all vacuum

walls.

C. Linear 8-pinch (Scylla)

1. Bell, Borkenhagen, and Ribe®? treat four cases of energy
balance and two cases of net power production in B = 1 ©-pinch reactors.
The major independent variables in these cases are coil size (10-, 15- and
20-cm radii) and coolants (helium and steam). The case chosen here is for
a helium-cooled net power producer having a 20-cm coil radius. Special
attention is given to the engineering design of the gas-cooling system, and
a study is made of different coil and support structures and their effect on
the tritium breeding ratio of the blanket. For those parameters in Table II
that we calculated, the model used is consistent with the power-flow dia-
gram in Ref. 1, in which the direct-conversion power is included in the
gross electrical output power.
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, the one
2. Of all the various fusion-reactor concepts treatfi:::lis ende
that represents the greatest extrapolation from experimenta

. i Newton.*?
to date appears to be the continuous -flow lme‘ar pinchas c(iiesci;btzcl 2361- i
Nevertheless, the concept itself has several important advantag i
more conventional closed or open—ended systems; henc? th_e sctopthi :-rlejsent
assessment of design parameters is a significant contribution to P

survey.

onsiders variations of the basic cusp configuration
including the conventional spindle cusp, a l‘ong §-pinch with cusptl:ntdisn -
("long cusp"), and a symmetric hybrid 8-pinch cusp. He shows tha

cases it is necessary to use a pulsed high-beta plagma. The long-cusp
example included in the current survey is the version that emerges fljo}l;n
Spalding's study as having parameters that most nearly seem to be within

reach of foreseeable technology

3. Spalding** c

VIi. REMARKS

The parameters in Tables I and II are presented insuchamanner as to
compare reactor types and identify major subsystems, some of which have as
yet received only minimum attention. A cursory review of the tabulation re-
veals that the preliminary nature of the studies and the diversity of approaches
have yielded (understandably)design conditions that, in some instances, appear
to be currently unattainable. Therefore, one of the immediate needs in fusion-
reactor technology is to reconcile some of the more severely conflicting
design requirements and to bring interface problems into better perspective.

For example, the blanket parameters are not determined specifically
for many of the reactor systems listed. The limited mechanical-design effort
in the structural requirements of the blanket and superconducting-magnet
system has not allowed realistic estimates on the content of structural mate-
rial to be determined at this time. This will have consequences affecting the
tritium breeding ratio for the D(T.n)*He fuel-cycle systems. A second ex-
ample is the thermal loading and operating temperatures of the vacuum wall.
In most of the studies, the values are adapted from Homeyer's estimate of
13 MW/mZ and have not beenanalyzed specifically for eachdesign. Therefore,
it 1s not clear that these design conditions are consistent with the constraints
imposed by other subsystem requirements and structural integrity.

The limited data generated inthe studies thus far reported would make
an evaluation of the systems and/or subsystems premature at this time. The
compilation is intended to provide background material for a subsequent phase
of.developing a coordinated overall reactor systems-design study. Through
this coordinated effort, consistent interrelationships between power balance
and design constraints will be established and can lead to a more meaningful
appraisal of the different thermonuclear power reactors.

It 1s planned to periodically update this survey to reflect the ad-
vances being made in total systems design.
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